In the present work deep level transient spectroscopy (DLTS) and high-resolution Laplace DLTS were employed to study the electrical properties of defects in as-grown and H-plasma treated CdTe thin films grown by the molecular beam epitaxy technique. We demonstrate that two dominant deep states in as-grown CdTe have the activation energy close to the midgap level and, therefore, could act as recombination centres in these crystals. Both traps are donor-like defects. However, their concentration was found to be too small to influence the electrical properties of devices based on this semiconductor. On the other hand, another dominant midgap trap was observed in H-plasma treated CdTe. The question as to the origin of these defects will be addressed.
INTRODUCTION
CdTe and its compounds are semiconductors, which are widely used as radiation detectors and in thin film photovoltaics. For many of these applications semi-insulating CdTe is demanded. Usually this semiconductor is grown by compensating of unintentionally introduced shallow acceptor impurities by shallow donors. However, besides the intentionally introduced shallow donors another defect acting as a deep donor was often observed in undoped CdTe. Different studies were performed to understand the origin of this deep state [1] [2] [3] [4] [5] [6] [7] [8] [9] . In particular, using DLTS studies a dominant deep level at about 0.75 eV below the conduction band was reported in CdTe grown with different techniques [6, 7, 9] . In undoped and chlorine doped CdTe this defect was shown to act as a deep donor and, therefore, it was suggested to be responsible for the compensation of shallow acceptors mentioned above [6] . Until recently, a Te antisite was one of the most probable candidates for being responsible for this deep state [3] . Usually, undoped bulk CdTe and CdZnTe are grown from the melt using the Bridgeman method under Te-rich conditions. Due to this Cd vacancies and/or Te antisites are expected to be dominant defects in such crystals. This is also consistent with the lowest formation energy of these defects comparing with other simple intrinsic defects as shown by density functional theory calculations. On the other hand, if the Cd vacancy should introduce two acceptor levels with about 0.1 eV and 0.45 eV above the valence band the Te antisite is believed to be a donor-like defect with the level of 0.2 eV above the valence band [1] . The position of this donor level is too far away from that observed for the midgap level in the DLTS studies.
One should notice that a hydrogen-related defect has never been considered as a candidate for the donorlike midgap level observed in the DLTS studies. However, similar to other semiconductors hydrogen may be embedded in CdTe during various device-processing steps typically forming complexes with intentional dopants or other defects. This well-known behavior of hydrogen leads to passivation and modification of the electrical activity of the defects. Hydrogen that interacting with intrinsic defects shifts their levels in the band gap and as a result of such interaction new deep states can be formed in the band gap. Reports on hydrogentaion of CdTe related compound semiconductors remain scarce. However, Du et al. [1] reported that O Te -H complex may be a possible candidate responsible for the carrier compensation in CdTe. On the other hand, no direct experimental evidences of this have been presented yet.
Molecular beam epitaxy (MBE) is a deposition technique, which allows yielding a material in which the impurity level is below ten parts per billion. Using this growth technique one can avoid a number of unintentionally introduced impurities such as oxygen, transition metals and/or their various complexes, which can be present in bulk CdTe grown by the Bridgeman method. This could allow shedding the light on the origin of native defects in CdTe. Following this idea, in the present work we investigate the electrical properties of deep traps observed in the MBE grown CdTe layers. A detailed analysis of the electrical properties of defects in as-grown structures and those generated by a dc hydrogen plasma treatment based on applications of high-resolution Laplace Deep Level Transient Spectroscopy [10] (Laplace DLTS) will be presented.
EXPERIMENTAL PROCEDURE
The samples used in the present study were prepared from about 6 µm thick, n-type I-doped CdTe layers grown by the molecular beam epitaxy (MBE) technique on n + -GaAs substrates. at room temperature were used in the present study as specified below. Prior to deposition of the CdTe:I layer, the GaAs substrate was covered with about 60 Å thick, undoped ZnTe, which was used to reduce the strong lattice mismatch between CdTe and GaAs, and to stabilize the growth in the [100] crystallographic direction. Dc hydrogen plasma treatments were performed in the range of 100 -300° C for 1 h with an applied dc bias of 300 V. To remove surface oxide the samples were dipped into 0.05% Br-methanol solution for 5 seconds, cleaned with organic solvents and then rinsed in de-ionised water before contacts were formed. Au Schottky diodes were formed by thermal evaporation of gold dots with area of about 0.8 mm 2 . To fabricate Ohmic contacts an eutectic InGa alloy was rubbed onto the back side of the substrates. Capacitance-voltage (CV) measurements were recorded with a Boonton 7200 capacitance meter at 1MHz. Deep electronic traps were characterized with conventional DLTS and high-resolution Laplace DLTS techniques. The numbers in the DLTS and Laplace DLTS peak labeling used in the present work are referred to the apparent enthalpy in meV of the corresponding defects for electron-emission relative to the conduction band. were employed in the present study. Using the samples with different carrier concentration different regions of the epitaxial layers, which are close to the substrate and to the surface, respectively, can be probed. One should also mention that for all samples an uniform (within 20% of error) distribution of shallow donors was detected. Besides this a significant increase in carrier concentration was observed at about 6 µm as demonstrated in Figs. 1(a,e) . This increase corresponds to the highly doped n + GaAs, which was used as a substrate in the present case. One should notice that only the effect of the H plasma treatments for the samples with the highest carrier concentration is presented in Fig. 1 . Hydrogen plasma treatments performed at 100 °C ( Fig. 1(c) ), 200 °C ( Fig. 1(d) ) and 300 °C (Fig. 1(e) ) lead to a significant decrease of the carrier concentration in the depletion region of the diode. Moreover, the carrier concentration decreases as a function of temperature at which the H plasma treatment was performed in all samples observed. Fig. 2(a) shows typical conventional DLTS spectrum recorded for as-grown CdTe samples with concentration of shallow donors about 1×10 14 cm -3 . One dominant peak labeled E720, which was slightly broadened, was observed at about 350 K in this spectrum. On the other hand, no deep majority traps with concentration above 10 12 cm -3 were observed in CdTe with the highest carrier concentration of about 1×10 17 cm -3 when the probed region was much closer to the surface. However, in this latter case the minority trap at about 200 K (not shown in this figure) sometimes appears in the conventional DLTS spectrum. Usually this trap was detected in the region close to the surface and no traces of this defect were found when the deeper region was probed. We believe that this defect is correlated with the presence of an oxide layer on the top of CdTe and this minority trap will not be further discussed in the present paper. The H plasma treatment results in the appearance of another dominant peak labeled E740 (Fig. 2(b) ). This peak was observed in all samples undergone the hydrogen plasma treatments. To analyze the electrical properties of the dominant peaks before and after H plasma treatments the high resolution Laplace DLTS technique was employed. Fig. 3 compares typical Laplace DLTS spectra recorded at 355 K in n-type CdTe before (a) and after (b) hydrogen plasma treatment. In as-grown CdTe two dominant peaks were observed at this temperature. This observation explains the broadening of the DLTS peak as shown in Fig. 2 (a) . On the other hand the dominant peak in the H plasma treated sample clearly indicates a mono-exponential transient related to a single well-defined energy level. This defect was observed in the samples treated with H plasma at different temperatures. The intensity of all peaks observed can be saturated with the width of the filling pulse in the range of μs. This together with delta-shape of the observed Laplace DLTS peaks shows that none of these defects is correlated with extended defects, which could be generated as a result of the mismatched interface with the substrate. Figure 4 shows the Arrhenius plots of T 2 -corrected electron emission rates derived from Laplace DLTS measurements for the E720, E740 and E790 peaks. The electronic levels corresponding to these defects are characterized by an apparent enthalpy for hole emission of ΔE ne (E720)=0.72 eV, ΔE ne (E740)=0.74 eV and ΔE ne (E790)=0.79 eV and an apparent capture cross section of σ na (E720)=1×10 , respectively. One should notice that Laplace DLTS signal emission rates for E720, E740 and E790 shift to the higher values as a square root of the electric field applied to the diode. This together with the large apparent capture cross section shows that E720, E740 and E790 are at least positively charged before they capture an electron.
Similar to other semiconductors H -is the most stable charge state among other possible charge states of hydrogen in n-type CdTe [11, 12] . Then atomic hydrogen introduced into the crystal is expected to deactivate shallow donors due to Coulombic attraction between positively charged I and negatively charged H. As a result, formation of electrically neutral donor-hydrogen complexes should be observed. Similar effect was previously detected in elemental (Si, Ge) and compound (GaAs) semiconductors [13] [14] [15] . In good agreement with these considerations a significant part of shallow donors was deactivated after the H plasma treatment (see Fig. 1 (c, d, e) ).
To our best knowledge only a few studies reported on the DLTS measurements of MBE-grown CdTe. G. Karczewski et al. [16] reported that the dominant electron trap in n-type In-doped CdTe can be observed at about 120K in the DLTS spectrum when a similar rate window to the present case was used. This defect was concluded to have In in its structure. Olender et al. [17] investigated I-doped CdTe layers with the carrier concentration of 2×10 15 cm -3 as found from the CV measurements. In that work two electron traps with the apparent activation energy of about 0.2 eV and 1.05 eV below the conduction band and a hole trap with the apparent activation energy about 0.47 eV above the valence band were found in n-type CdTe. The midgap electron trap was concluded to originate from threading dislocations due to its intensity was logarithmically proportional to the width of the filling pulse in its long range (about 5 orders of magnitude). Two other dominant traps were tentatively assigned to the Te antisite and Cd vacancy. However, these defects were not detected in the samples used in the present investigation, even, when the depletion layer in close proximity to the substrate was probed (Fig. 1(c) ). Thus it seems not very likely that the defects observed in Ref. [17] could be correlated with the Te antisite and Cd vacancy. Comparing with theoretical calculations [1, 2] E720 and E790 observed in the present investigation cannot also be related with these simple native defects. Indeed, the vacancy of Cd should introduce either single or double acceptor deep state in the lower part of the bandgap whereas both E720 and E790 are donor-like defects. On the other hand, the Te antisite should introduce the donor level close to the valence band which is not the case observed for E720 and E790 in the present investigation. One of possible explanations is that E720 and E790 are complex native defects, which are formed due to lattice mismatch of CdTe and n + GaAs. Unfortunately, due to very small intensities of these peaks, which are almost the same order of magnitude as the level of noise (about 10 fF), one cannot unambiguously conclude about the origin of these peaks.
E740 is the dominant deep state in H plasma treated CdTe. This peak has very close activation energy to those reported in Refs. [6, 8, 9] . From the obtained results it is very likely that E740 is a hydrogen related defect. One can speculate that this deep state can be formed by the interaction of hydrogen with defects, which do not have levels in the upper part of the bandgap, for example, such as acceptors states of V Cd in as-grown material. Similarly, Du et al. [1] reported that vacancies of Cd were good traps of isolated H. Hydrogen can bind with Te atoms around a Cd vacancy forming the V Cd -H complex. Moreover, the vacancy of Cd can be also hydrogenated with two H atoms and then V Cd -2H is formed. In both models the defects should introduce deep donor levels into the bandgap of CdTe.
SUMMARY
In conclusion, using DLTS studies we demonstrated that two dominant peaks were observed in MBE asgrown n-type CdTe. None of these defects seems to be related to the Cd vacancy or the Te antisite. On the other hand the dominant E740 peak observed in H plasma treated CdTe is very likely to be a hydrogen related defect. We propose that this defect can consist of the Cd vacancy with one or two hydrogen atoms and it can be responsible for the compensation effect frequently observed in undoped CdTe. n-type CdTe
